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Samples  of  SiC  ceramics  differing  in  porosity  in the  range  1–9% were  damaged  by a falling  weight,  and
the  fractoluminescence  (FL)  activity  lasting  up to 0.4  ms  was  detected  with  the time  resolution  of  10  ns.
The recorded  time  series  of  the  light  emission  were  used  for constructing  the  distributions  of  the energy
release  in  FL pulses  and  the  time  intervals  between  pulses.  The  energy  release  in damage  events  evolved
from  a self-similar  (power  law)  distribution  in low  porous  ceramics  to  a fully  random  (exponential)
distribution  in  more  porous  samples.  The  sequence  of time  intervals  between  FL  pulses  exhibited  an
opposite  trend  as  transforming  from  the  fully  random  set  of “waiting  times”  in lower  porous  ceramicsmpact loading
ractoluminescence
ime series
into  the  self-similar  time  distribution  in  the  most  porous  ceramics.  These  changes  in the  mechanical
behavior  of  tested  ceramics  were  explained  by the  formation  of  the  oxidized  ﬁlm  on the  pore  surface  and
by the increasing  structural  role  of  bridges  between  sintered  particles  in  more  porous  ceramics,  which
serve  as stress  concentrators.
©  2016  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
The important feature of macroscopic damage/fault formation
s the cumulative effect of primary defect nucleation, which mani-
ests itself both in quasi-static and impact loading of heterogeneous
aterials [1]. The fracture process in the presence of multiple newly
ormed defects exhibits a trend to cooperative behavior owing to
he defects interactions. The dynamic connectedness of the ensem-
le of defects is performed through elastic waves propagating from
ocal failures. Long-range interactions (if ever exist) lead to the
caling invariance of space, time, and energy parameters of the
ultiplicity of microcracks in a loaded/strained body under spe-
iﬁc conditions [2–4]. However, various structural and temporal
estrictions could affect to any extent the degree of interactions up
o full disappearance of the cooperative phenomena, which reﬂect
ndirectly the conditions of the damage nucleation in loaded solids.
In this work, we present experimental data on the impact dam-
ge of silicon carbide (SiC) ceramics differing in their physical
nd mechanical properties. The silicon carbide (SiC) and SiC/SiC
omposites are used in many industry applications [5], including∗ Corresponding author.
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rocket engine components [6] and both civilian and military armor
equipment [7,8]. These applications are based on high strength
and impact resistance of various forms of SiC; however, their use
as engineering materials is limited by brittleness and liability to
catastrophic failure [9]. Therefore, the mechanism of the damage
initiation in connection with the elastic/ductile properties of SiC
ceramics is of interest from the viewpoint of achieving their highest
performance.
The samples of SiC ceramics differing in their pore concentration
were damaged by a falling weight, and the time series of light pulses
induced by the fractoluminescence (FL) effect [10] were recorded
and processed. The FL originates from the reconﬁgured electronic
structure in broken bonds; therefore, the light emission gives infor-
mation on the damage process occurring at the nanostructural scale
level.
The FL amplitude determined by the total energy of detected
photons is proportional to the energy release in primary dam-
age events. The time intervals (“waiting times”) between pulses
characterize the temporal coherence of the damage initiation and
accumulation. The data processing of the time series showed that
in dependence of the physical and mechanical characteristics of
tested ceramics, the scale invariance took place either in the
amplitude distributions or in the distributions of time intervals;
in addition, the uncorrelated, fully random distributions of both
energy and temporal parameters were detected in some speciﬁc
cases.
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Fig. 1. Differential distributions of pore size in tested samples (a); SEM microphoto-
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Fig. 2. Photographs of the surface damages on the samples SiC1 (a), SiC2 (b), SiC5
(c), and SiC9 (d).raph of a typical pore in material (b); average pore size (diameter) in dependence
f sample porosity (c). Straight lines ﬁt Eq. (1).
. Samples and equipment
.1. Porosity
Porous SiC ceramics were prepared by sintering the silicon car-
ide particles of ∼0.2 in size. At elevated temperatures, the particles
intered in grains of 2–6 m in diameter. By changing the content of
dditives Al2O3, Y2O3, B, and C and varying sintering temperature
n the range 1920–2250 ◦C, a set of ceramic samples with porosity
P) of 1%, 2%, 5%, and 9% (denoted hereafter SiC1, SiC2, SiC5, and
iC9, respectively) was prepared.
Plates of ∼2 mm thick were cut from the original samples; their
aces were ground and polished with a set of diamond powders
ith a ﬁnal size of 1 m.  The microphotographs obtained with
n optical microscope were used for estimating some quantitative
haracteristics of the porous materials. Fig. 1a shows the differen-
ial distributions of pore size in tested samples, ˚(D) = N(D)/D,
here N(D) is the amount of pores of size D in the interval D ± D
hat referred to a unit volume of ceramics, which was calculated
rom the processing of the microphotographs. The calculations
ere carried out on the assumption of the spherical form of pores;
 SEM microphotograph of a typical pore in the material (Fig. 1b)
ustiﬁes such an assumption as satisfactory. The average pore sizes
n the samples in dependence of porosity are shown in Fig. 1c.
The differential distributions are plotted in semi-logarithmic
oordinates. The experimental points that fall upon straight lines
orresponded to the exponential law:
 = A exp(−ıD) (1)
here A is the constant and ı is the slope of line. The exponen-
ial (Poisson-like) law describes a random distribution of speciﬁc
bjects, i.e. pores in our case.
.2. Loading
A surface damage was produced by a hard pointed striker estab-
ished on the upper face of the sample, on which a 100 g weight was
ropped. The surface damages on the tested samples are depicted
n Fig. 2.
The data acquisition system was triggered in the moment of the
L beginning. Light emission was collected with a quartz lens and
irected onto a photomultiplier FEU136. An analogue-to-digital
onverter ASK-3106 provided the dynamic range 2 mV  to 10 V
70 dB) in the time range 10 ns to 100 s. The converted (digital) FL
ignals were stored in a PC. The duration of all recorded time series
as 0.4 ms.
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Fig. 5 shows the N(t > ) ∝  dependences constructed in double-
logarithmic and semi-logarithmic coordinates similar to the energy
plots considered above. However, the main trends in the evolution
of time interval distributions with the increasing sample poros-
ity are crucially different as compared to the energy distributions.
There is a pronounced straight portion in SiC9 in Fig. 5a, whichFig. 3. Time series of FL signals from SiC ceramics.
. Experimental results and data processing
.1. Energy distribution
Taking into account the proportionality between the FL pulse
mplitude (A) and the energy release (E) in nanostructural damage
vents (A ∝ E), the energy distributions derived from the amplitude
ime series (Fig. 3) were constructed in the form of dependences
(E > ε) versus ε (Fig. 4), where N(E > ε) is the number of damage
vents characterized by the energy E exceeding a varying value ε.
n Fig. 4a and b, the same distributions are presented in double-
og and semi-log coordinates, respectively. One can see that the
og–log energy distribution in SiC1 contains a log-linear portion
orresponding to the relation:
og10 N(E > ε) ∝ −b log10 ε, (2)
Fig. 4. Energy release distributions in FL time series plotic Societies 4 (2016) 324–328
which represents the power law dependence:
N(E > ε) ∝ ε−b (2a)
which is indicative of scale-invariant damage energy release accu-
mulation. The parameter b is the slope of straight line. The power
law dependence evidences the self-similarity of the fracture pro-
cess at different scale levels, because the function N(E) is a single
resolution of the scaling equation:
N(E) = −bN(E) (3)
where  is the scaling factor. The scaling results from the long-range
interactions between multiple individual failures, which affect each
other at distances exceeding the radius of a damaged site.
Other (more porous) samples did not demonstrate log-linear
portions covering at least one order of magnitude along the ver-
tical axis (this is a commonly accepted graphic criterion for the
validity of Eq. (2a)). A family of energy distributions plotted in
semi-logarithmic coordinates (Fig. 4b) could be regarded as inverse
against the distributions shown in Fig. 4a. Moreover, the distribu-
tion N(E > ε) versus ε in SiC9 exhibits a straight line in Fig. 4b, which
follows the relation:
log10 N(E > ε) ∝ −aε (4)
(here a is the slope of straight line). There are no straight portions
in the distributions of lesser porous samples plotted in semi-log
coordinates. The relation (4) is equivalent to the exponential law:
N(E > ε) ∝ exp(−aε). (4a)
As mentioned above, the exponential distribution is speciﬁc
for random processes, the individual events which occur inde-
pendently from each other. Thus, the self-similar (correlated)
accumulation of primary damages, which took place in the less
porous sample SiC1, evolves to the fully random one in the most
porous sample SiC9.
3.2. Time distributionrepresents the relation:
log N(t > ) ∝ − log , (5)
ted in double-log (a) and semi-log (b) coordinates.
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r, in logarithm-free form:
(t > ) ∝ t− . (5a)
The power law (5a) evidences a slow (range as compared with
xponential) loss of the structural “memory” of damage events.
he parameter  (straight line slope) characterizes a relative con-
ribution of “short” and “long” waiting times to the distribution.
he higher the  , the smaller the part of larger intervals between
L pulses. The samples SiC1, SiC2, and SiC5 did not exhibit time
istributions following a power law.
In semi-logarithmic coordinates, the distribution N(t > ) versus
 in SiC9 is substantially nonlinear, while the experimental points
f all other lesser porous samples fall on the single straight line in
ccordance with the relation:
og N(t > ) ∝ −c, (6)
hich represents the exponential distribution of events occurring
ndependently one from another:
(t > ) ∝ exp(−c), (6a)
c is the constant). The same slope of lines for three lower porous
eramics means that their porosity does not affect signiﬁcantly the
emporal characteristics of the damage accumulation.
. Discussion
The obtained results show that both the energy and time char-
cteristics of the impact induced damage accumulation in SiC
eramics change gradually and qualitatively with the material
orosity. At the same time, neither the -value (Fig. 1a) nor the
verage pore size (Fig. 1c) demonstrates a one-way trend in their
ariations with the growing porosity. Consequently, just the total
orosity of a particular sample determines dominantly its mechan-
cal behavior in the given context.
As porosity grows, the self-similar energy distribution in FL
ulses transforms into the random one, while the distribution of
ime intervals between defects changes in the opposite direction,
.e. from the random N(t > ) versus  dependence in smaller porous
amples to the power law distribution. The predominance of either
ooperative or stochastic damage initiation might be explained in
he framework of the results of computer simulation of the behavior
f a spring-block network in dependence of the values of the elastic
onstants and distances between system’s elements [11–13]. There
ere found two main trends in the authors’ analysis. First, the lower
he constants, the shorter the elastic interactions between ele-
ents, which are necessary for establishing the cooperative effectshat would manifest themselves in multiscale self-similarity. The
ong range interactions decay efﬁciently in ductile medium, and the
efects nucleate in a random manner. Consequently, under vary-
ng material conditions, there could exist a crossover where theotted in double-log (a) and semi-log (b) coordinates.
degree of elastic interactions becomes insufﬁcient for the coopera-
tive effects. It seems that our observation of the transformation of
the energy distributions with the sample porosity is the case.
Kim et al. [14] observed either brittle, or semi-brittle, or quasi-
plastic behavior of indented SiC and Si3N4 ceramics prepared at
different temperatures and, correspondingly, exhibited different
Vickers hardness. Slutsker et al. [15] reported the gradual decrease
of Vickers hardness with the increase of pore concentration in SiC
ceramics. The decrease of stiffness was  explained by the facilitated
grain mobility in spongier structure.
The effect of increased ductility at the nanostructural level of
SiC ceramics seems to be of extrinsic origin. The porous samples
prepared at elevated temperatures react with air oxygen with the
formation of thin (≤1 m)  silica layer over the SiC surface [16,17].
The area of the oxidized surface grows with the increase of the
pore concentration. The Young’s modulus of such thin silica ﬁlms
is 5–7 times lesser than that of SiC [18]. The low-modulus layer
disturbs the dynamic interactions between newly formed nanos-
tructural defects. As a result, the appearance of a defect does not
affect efﬁciently the nucleation of other ones, and the random dam-
age accumulation takes place.
A second trend concluded from the above-mentioned computer
simulation [11–13] is connected with the possibility of the time
coherence of fracture process in porous materials. The damage
initiation in small-porous ceramics occurs mainly in the sample
bulk; by contrast, in more porous ceramics, the fracture process
initiates, mainly, in bridges between voids, which serve as stress
concentrators. The distribution of time intervals between pulses
(either correlated or random) should be dependent on the distances
between nucleated defects. The time correlation becomes estab-
lished if the emerging of a next defect occurs before the diminishing
of the excitation caused by a preceded one. In the case of signiﬁ-
cant temporal gap between events, the “memory” of neighboring
defect disappears, and spatially isolated defects in the sample bulk
nucleate independently from each other.
A simple numeric estimation justiﬁes the applicability of this
approach. Light emission from reconﬁgured electronic system lasts
about a few tens of atomic oscillations (∼0.1 ns). Provided the speed
of elastic excitation is ∼103 m/s  (103 nm/ns), the travel path of the
elastic wave in this time interval would be ∼0.1 m.  This is a critical
distance of the efﬁcient connectedness of the process in our case.
Provided that potentially weak points in small-porous samples are
distributed relatively uniformly, and broken bonds would be too
remoted in time from each other to be correlated. In the loaded
SiC9 ceramics, the bond breakage was  concentrated in thin bridges
between particles; the proximity of potential weak points provided
the correlated in time damage accumulation.
We should like to stress that all conclusions based on the pre-
sented results concern only the trends in damage initiation at the
nanostructural scale level; micromechanics of the fracture process
at higher levels is not available for the FL technique.
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. Conclusion
The fractoluminescence experiments evidenced a concurrence
etween cooperative and random accumulation of primary dam-
ges (bond breakage) under impact loading of porous SiC ceramics.
he energy release in damage events evolves from a self-similar
power law) distribution in low porous ceramics to a fully ran-
om (exponential) distribution in more porous samples. This
rend was explained by the existence of the oxidized SiO2 layer
ver the pore surface. The glassy low-modulus ﬁlm suppresses
ong-range interactions between newly formed defects, thus reduc-
ng the cooperative effect. The destructive role of oxidation in
he defect cross-coupling is more signiﬁcant in more porous
eramics since the inner surface area increases with the sample
orosity.
The sequence of time intervals between FL pulses exhibited
n opposite trend as transforming from the fully random set of
waiting times” in lower porous ceramics into the self-similar time
istribution in the most porous ceramics. This effect was  explained
y the shorter time of defect interactions concentrated in thin inter-
rain bridges, which serve as stress concentrators.
[
[
[ic Societies 4 (2016) 324–328
References
[1] A. Chmel and I. Shcherbakov, Int. J. Rock Mech. Min. Sci., 64, 56–59 (2013).
[2] A. Petri, G. Paparo, A. Vespignani, A. Alippi and M.  Costantini, Phys. Rev. Lett.,
73,  3423–3426 (1994).
[3] P.G. Kapiris, G.T. Balasis, A.S. Antonopoulos, A.S. Peratzakis and K.A. Eftaxias,
Nonlinear Process. Geophys., 11, 137–151 (2004).
[4] A. Chmel and I. Shcherbakov, J. Non-Cryst. Solids, 369, 34–37 (2013).
[5] J.-H. Eom, Y.-W. Kim and S. Raju, J. Asian Ceram. Soc., 1, 220–242 (2013).
[6] D. Frazer, P. Hosemann, C.F. Back, C. Deck and H. Khaliff, Microsc. Microanal.,
18, (Suppl. S2) 1420–1421 (2012).
[7] J.L. Zinszner, P. Forquin and G. Rossiquet, Int. J. Impact Eng., 76, 9–19 (2015).
[8] E. Medvedovski, Nashville, USA, Ceram. Trans., 151, 19–35 (2003).
[9] P.G. Karandikar, T.W. Chou and A. Parvizi-Makidi, J.C.M. Li, Microstructure and
Properties of Materials, vol. 1, World Scienctiﬁc, Singapore, (1996) pp. 248–340.
10] Y. Kawaguchi, Phys. Rev. B, 52, 9224–9228 (1995).
11] Z. Olami, H.J.S. Feder and K. Christensen, Phys. Rev. Lett., 68, 1244–1247 (1992).
12] K. Christensen and Z. Olami, J. Geophys. Res., 97, 8729–8735 (1992).
13] K. Christensen and Z. Olami, J. Phys. Rev. A, 46, 1829–1838 (1992).
14] J.H. Kim, Y.G. Kim, D.K. Kim, K.S. Lee and S.N. Chang, Key Eng. Mater., 287,
410–415 (2005).
15] A.I. Slutsker, A.G. Kadomtsev, V.I. Betekhtin, E.E. Damaskinskaya and A.B. Sinani,Bull. Russ. Acad. Sci. Phys., 73, 1410–1415 (2009).
16] J. Roy, S. Chandra, S. Das and S. Maitra, Rev. Adv. Mater. Sci., 38, 29–39 (2014).
17] P.J. Macfarlane and M.E. Zvanut, Micorelectron. Eng., 48, 69–75 (1999).
18] W.N. Sharpe Jr., J. Pulskamp, D.S. Gianola, C. Eberl, R.G. Polcawich and R.J.
Thompson, Exp. Mech., 47, 649–658 (2007).
